A sub-nanometer resolution displacement measuring method, basing on fringe phase shifting, is developed in this paper. The system mainly consists of a grating interferometer and a phase-shift device. The principle of interfere fringe phase-shifting is to move the photoelectric sensor between the two interference fringes. The method leads to higher resolution in theory than that with laser interferometer. Measuring and positioning experiments to verify the method are made and the' results indicate that the new displacement measuring method will improve the positioning accuracy about 16%. The displacement measurement resolution with the new method will reach to sub-nanometre in theory.
Introduction
There are many displacement measurement method with high resolution in positioning system, such as grating interferometer and laser interferometer. The former is with measuring resolution no better than 0.5 micrometer usually [1, 2] . Though laser interferometer's measuring resolution can reach to sub-nanometer, which is higher resolution than that of the grating interferometer, it is limited by the laser wavelength and sometimes is limited in application because of its strict requirements on temperature, humidity and so on [3] [4] [5] . Coarse/fine dual-stage manipulators are widely applied for long distance and high precision positioning system, though they are composed with complicated mechanisms [6] [7] [8] [9] . Another development for improving resolution is subdivision technique. It maybe reach to 0.1 micrometer or even smaller and the subdivision level is limited by the stripe quality [10] . In this paper, a phase shift method is developed and it will lead to subnanometer resolution in theory. 
Doppler Effect and Grating Phase-shift Method

Doppler Effect in Grating Interferometer Displacement Measuring System
one is transmitted light beam and another is reflected light beam, When the diffraction grating is in the case of auto-collimation, the two beams will be both diffracted back and will meet together at point A. The interference fringes will appear in the place where the two diffraction beams overlap. Figure 2 shows the principle of the Doppler Effect applied on grating interferometer. The Doppler Effect is the change in frequency of a wave for an observer moving relative to its source. When the diffraction grating moves, shown in Figure 1 , different frequency shift will be detected on diffraction beams with different order as shown in Figure 2 , where I (f 0 , λ) is the incident light with f 0 frequency and λ wave length; O (f m ) is the diffraction light with f m frequency.
According to the Doppler Effect, the angular frequency of the incident light on point B can be expressed as [11] :
(1) Where, θ i --angle of incidence; v --moving speed of the diffraction grating; c --velocity of light Ignore higher-order terms and the angular frequencies of diffraction beams with different orders can be expressed as:
(2) Where, ߮ --diffraction angle with m order.
With the grating equation, we get:
The angular frequencies of the two coherent beams, shown in figure 1, can be expressed as:
Therefore, the phase difference of the two diffraction beams is
Where ‫ݔ߂‬ is the displacement value of the linear table.
When the linear table moves, the interference fringes will be detected and converted into pulse signals by the photo sensor. If the linear table moves groove value of the reference grating, then a is the equivalent displacement to one fringe.
Grating Phase-shift Method
The detection view field of the photo electric sensor is shown in Figure 3 . Adjusting the grating interferometer to be sure that there are only two interference fringes in the detecting field,as shown in Figure 3 . Adjusting the interferometer we can get different w value. 
Moving up & down
When the grating carriage moves, the interferometer fringes in the view field will move up or down. It is regarded that the fringe phase signal is divided into unlimited parts from 0°to 360° in electrical degree and they are distributed averagely between the two fringes in theory. Therefore, if the position of the photoelectric sensor is changed, the phase of the fringe signal will be changed correspondingly. The resolution of the method changes with the phase-shift value ∆w and distance value w between the two fringes. The resolution can be expressed as:
w -----distance value between the two fringes If d = 0.83µm, ∆w=10µm and w=10mm, then ߜ =0.83nm. In theory, the grating phase-shift method can get higher resolution than that of the laser interferometer.
Experiments
Positioning experiments, based on the grating phase-shift method, have been made on a precision positioning system. The picture of the experiments is shown in Figure 4 . The parameters in the experiments are shown on Table 1 . The positioning point is selected at the point of 4mm in the experiments. For example, in the 4mm experiments, 4000µm/0.83µm = 4819.3 pulse. Therefore, the positioning error of traditional method is 0.25µm in theory. In the experiments, the photo electric sensor will move after the last pulse and the positioning error will be 0.09nm in theory. Actually, the error is bigger than 0.09nm.
The experiment results with the phase shift method are compared with the conventional method. And the results indicate that the new method will improve the positioning accuracy about 16%.
Conclusions
A sub-nanometer resolution displacement measuring method, basing on fringe phase shifting is developed. The measuring system is controlled by grating interferometer. When the interfere fringe phase is changed by moving the photoelectric sensor, between the two interference fringes in the view field, to different position, the displacement equivalent will be changed correspondingly. The Phase-shift Device
Photosensor Table   Reference Grating  Beam Splitter  Positioning Table   Laser Source Imaging Lens Photosensor positioning experiments have been made and the contrastive results show that they will improve the positioning accuracy about 16%. Actually, the displacement measurement resolution with the new method will reach to sub-nanometer in theory.
